We present accurate quantum calculations of state-to-state cross sections for the N + OH → NO + H reaction performed on the ground 3 A global adiabatic potential energy surface of Guadagnini et al. [J. Chem. Phys. 102, 774 (1995)]. The OH reagent is initially considered in the rovibrational state v = 0, j = 0 and wave packet calculations have been performed for selected total angular momentum, J = 0, 10, 20, 30, 40,...,120. Converged integral state-to-state cross sections are obtained up to a collision energy of 0.5 eV, considering a maximum number of eight helicity components, = 0,...,7. Reaction probabilities for J = 0 obtained as a function of collision energy, using the wave packet method, are compared with the recently published time-independent quantum mechanical one. Total reaction cross sections, state-specific rate constants, opacity functions, and product state-resolved integral cross-sections have been obtained by means of the wave packet method for several collision energies and compared with recent quasi-classical trajectory results obtained with the same potential energy surface. The rate constant for OH(v = 0, j = 0) is in good agreement with the previous theoretical values, but in disagreement with the experimental data, except at 300 K.
I. INTRODUCTION
The heavy-heavy-light (HHL) type reaction N( 4 S) + OH( 2 ) → H( 2 S) + NO( 2 ),
is a prototype reaction between open-shell atom N, and hydroxyl radical OH, and plays an important role in the atmospheric chemistry of the Earth 1 and in astrochemistry.
2 It belongs to the class of radical-radical reaction, such as the C + OH (Refs. [3] [4] [5] [6] and F + OH (Refs. 7-10) reactions both studied extensively theoretically on several electronic states correlating to the ground state of reactants. From the dynamical point of view, such systems with two heavy atoms usually involve potential energy surfaces which present deep potential wells and many channels have to be considered to get converged results. The title reaction has been the subject of many theoretical [11] [12] [13] [14] [15] and experimental [16] [17] [18] [19] works. Experimentalists, in general, have focused on the determination of thermal rate constants. Smith and co-workers 18, 19 have obtained experimental rate constants down to 103 K using discharge-flow and flash photolysis techniques. They found that the rate constant increases as the temperature decreases, and the measured thermal rate constants were found to present a nonlinear Arrhenius behavior over the temperature range studied. Experimental vibrational distribution of the NO product has also been measured by laser-induced fluoresa) Author to whom correspondence should be addressed. Electronic mail:
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cence spectroscopy, 18 and it was found somewhat hotter than expected using statistical models.
The first ab initio potential energy surface (PES) for the N + OH → NO + H reaction was built by Guadagnini et al. 20 This PES was based on complete active space self-consistent field (CASSCF)/internally contracted configuration interaction calculation and fitting of the 800 ab initio points obtained at the (multireference configuration interaction) MRCI/cc-pVTZ level. It was found that the N + OH → NO + H reaction has no barrier relative to the entrance channel and a double well along the reaction path, corresponding to HON and HNO configuration geometries. It has been shown that, initially, this reaction leads to the formation of a HON complex, 20 bound by 3.07 eV relative to the entrance channel. Because of the open shell character of the reactants, there are several electronic states correlating to the N( 4 S) + OH( 2 ) entrance channel, namely, 3 A , 3 A , 5 A , and 5 A . Only the triplet surfaces can correlate to the ground state of the H( 2 S) + NO ( 2 ) products. The 3 A surface is known to be strongly repulsive in the product channel. 22 Therefore, the 3 A surface is the only surface joining the ground states of reagents and products.
The first dynamical calculations on this PES were carried out by using quasi-classical trajectory (QCT) (Ref. 21) and wave packet (WP) methods. 23 It was found that in the QCT calculations including the electronic degeneracy factor related to the fine structure of reactants, the total rate constant in the studied range of temperature was nearly independent of temperature. Also the rate constants were calculated using WP methods and compared with the QCT results in the same range of temperature. It was found that the WP rate constants were in quantitative disagreement with the previous QCT results for temperature below 500 K.
More detailed WP results were reported more recently on the N + OH reaction by Ge et al. 11 In their work, total reaction probabilities at selected total angular momentum, J, and state-selected rate constant at a range of 5 K-500 K temperature were calculated. The resonance structures present on the calculated reaction probabilities were found to be dependent on the total angular momentum, J, becoming broader and less intense as J gets larger. Negative dependence on the temperature was observed on the calculated rates by using close-coupling scheme and it was found that this behavior is in good agreement with the previously obtained experimental results. 16 Employing the same PES, Jorfi et al. 12 performed new QCT calculations to obtain the influence of reagent's rotational excitation on the dynamics of the N + OH reaction. They have found that the rotational excitation of the hydroxyl radical has significant effects on the excitation functions and rate constants. Following this work, Jorfi et al. 13 used a timeindependent quantum mechanical (TIQM) method based on hyperspherical coordinates to obtain quantities at the stateto-state level. A detailed QCT study 14 reported the differential cross sections (DCS) and product energy distributions on the same PES. The TIQM state-to-state reaction probabilities were obtained for a total angular momentum J = 0 for collision energy up to 0.7 eV. The TIQM vibrational and rotational product distributions were also reported. 13 The effect of the collision energy on the reactivity was investigated in detail. The QCT total DCS presents pronounced forward and backward peaks and this behavior was observed in all the QCT vibrational state-resolved DCSs.
Very recently, a new global ab initio potential energy surface for the lowest triplet state of N + OH system has been published, 15 designed to characterize the N + OH → NO + H reaction. This PES was based on MRCI + Q calculations with a large (aug-cc-pV5Z) basis set. The details of the PES are given in Ref. 15 . Dynamical calculations on this new PES have also been done by using a WP method. In those calculations, the main objective was to compute the total reaction probabilities as a function of collision energy without resolving for the final quantum states of the products. Initial state probabilities, up to J = 105, were calculated as a function of energy and then used to get integral cross sections (ICS). The reported WP rate constant is in reasonable agreement with the QCT prediction, 12 but smaller than the experimental ones.
The aim of the present work is to study the state-to-state dynamics of the N + OH→ NO + H reaction at collision energies below 0.5 eV on the PES built by Guadagnini et al. 20 Using an accurate quantum WP method, total and product vibrational state-resolved ICSs have been obtained and compared with QCT results. For J = 0, the state-to-state reaction probabilities are also compared with the TIQM calculations. Accurate quantum mechanical state-to-state ICSs for the title reaction are reported for the first time. Furthermore, the state-specific WP rate constant for OH(v = 0, j = 0) is determined and compared with the QCT and experimental results. 
II. METHOD
The dynamics of H + HL → HH + L reactions have been extensively studied in the literature. [3] [4] [5] [6] [24] [25] [26] The N + OH(v = 0, j = 0) → NO + H reaction is a prototype of H + HL reactions and has been studied using a WP method and QCT approach described in detail in the literature.
11-15
The propagation of the wave packet may be carried out in reactant or product Jacobi coordinates. For this kind of systems, it has been demonstrated that it is more efficient to use reactant Jacobi coordinates. 28 The present state-to-state reaction probabilities are calculated using a wave packet method, with the code MADWAVE3 recently reported by Zanchet et al. 29 The MADWAVE3 codes based on wave packet method have been well documented in the literature 9, 29 and only the details relevant to the present work will be given here. In the present calculations, the initial wave packet is located in the asymptotic reactant channel where there is no influence of the interaction potential, and the propagation grid scheme is defined using the same reactant Jacobi coordinates. In order to calculate the reaction probabilities, it is necessary to integrate the initial wave packet flowing into the possible channels. The properties of initial wave packet and the grid parameters are given in Table I , which were converged for J = 0 and then used for the rest of J's calculated.
The calculation of the ICSs as a function of collision energy for each rovibrational state v, j of the reagent molecule, σ v,j (E c ) requires summing up the contributions from all possible values of the total angular momentum J ,
where k 2 = 2μ r E c /¯2, and P J v,j (E c ) is the reaction probability from the initial rovibrational state v, j summed over all final states as a function of collision energy, E c , at a total angular momentum J .
The coupled-channel (CC) calculations have been performed for selected total angular momentum, J = 0, 10, 20, 30, 40,...,120, needed to calculate the cross sections up to 0.5 eV. These calculations included up to eight helicity components, = 0,...,7. Intermediate total angular momenta or partial waves are obtained by an interpolation procedure based on the J -shifting approach. 32 With this approach, the reaction probability for a given J value, J ∈ [J 1, J 2], 2 rotational constant has a value of 0.2 meV. Thus, the total ICSs are obtained by using Eq. (2).
The v, j initial state-selected rate constant is calculated by averaging the corresponding ICS σ vj (E c ) over translational energy as
where k B is the Boltzmann constant, 3 is the degeneracy of the 3 A PES, E c is the translational energy, and Q el is the electronic partition function. For the title reaction, the electronic partition function is given by
III. RESULTS AND DISCUSSION

A. Reaction probabilities
Figure 1 displays the exact total N + OH(v = 0, j = 0) reaction probability as a function of collision energy calculated using the WP method for J = 0. The WP probability shows a sharp rise at nearly zero energy and after that a sequence of narrow peaks or resonances. These quantum resonances are associated with a long-lived intermediate complex formed in the deep HON and HNO wells of the PES which supports many quasibound states. The reaction probability calculated, using a TIQM method, 13 plotted in Fig. 1 . The overall behavior of the results obtained with the two methods is rather similar. In the presence of deep wells, the reaction probabilities typically show many narrow oscillations associated with resonances. These resonances correspond to very excited quasibound states, which depending on the system and energy range, may correspond to an ordering quantum number of several hundreds or even thousands. In order to accurately account for the nodal structure of such quasibound states, one would need to include possibly thousand of points in all degrees of freedom. Due to the difficulty to get convergence, any small difference between two methods would give different results. The convergence problem is larger for the WP methods, but is also present in TIQM methods. In addition, different sets of coordinates (Jacobi/hyperspherical) also introduce differences between the results when these convergence problems are present. This situation makes that the position of individual peaks obtained using two different methods/coordinates are slightly shifted one with respect to each other, with a different shift for each resonance. However, the background envelope of the reaction probability is typically in good agreement, as it happens in this case. This situation has already been observed for other reactions with deep insertion wells, such as H + 3 system. 30, 31 This may explain the quantitative disagreement between the two quantum results. It is worthwhile to note that the present WP results are very similar to those reported by Ge et al. 11 at J = 0 using the same coordinates and PES.
The vibrational state resolved reaction probabilities at total angular momentum J = 0 are compared with TIQM results, 13 in Fig. 2 . The agreement between the two sets of results is rather good, both showing the same order of magnitude and behavior for all the v . For a more detailed comparison, in Fig. 3 , the WP and TIQM vibrational distributions at J = 0 for the N + OH(v = 0, j = 0) → NO(v ) + H reaction are compared at two selected collision energies, 0.05 and 0.1 eV. The WP and TIQM results for both 0.05 eV and 0.1 eV collision energies are again in a fairly good agreement. In both cases, the reaction probability decreases as v increases, but showing some weak oscillations. The position of these oscillations is approximately the same in WP and TIQM results, but the amplitudes present some differences.
The reaction is very exothermic, by ≈ 2.11 eV, giving rise to many open channels in the NO + H products channel, up to v = 13 for the energies considered, including many rotational states due to the small rotational constant of NO, ≈ 0.2 meV. The final vibrational probability of products, essentially decreasing with v seems to indicate that the situation is statistical. This may also be justified by the presence of many peaks in the reaction probabilities, associated with quasibound states originated by either of the two deep wells of the PES, corresponding to HON and HNO isomers. These wells are rather deep, ≈ 4 eV below the OH + N entrance channel, but the resonances are located more than 2 eV above the first dissociation threshold, NO(v = 0) + H, what makes that the resonances are relatively narrow, of the order of 5-10 meV, with lifetimes of the order 1-50 fs.
Following these arguments, one may think that reaction follows a typical statistical mechanism, in which first a complex is formed, and then it fragments through the different available open channels with the same probability. [33] [34] [35] If this is so, the total reaction probability, in Fig. 1 open channels in the product channels, in contrast to the few channels of OH + N reactants. However, the reaction probability is of the order of 0.2 in average, except at some of the resonances where it may increase more. This may indicate that the formation of the complex is not direct, but is preceded by some limiting step, which reduce the probability of complex forming. The PES landscape is complicated, showing two minima, corresponding to two linear isomers, HNO and NOH, with a barrier among them. The NO + H product channel is directly connected to the HNO well. The resonances of NOH well may dissociate directly following another path in the PES or by isomerizing first to the HNO well. Thus, the number of competing processes complicates the analysis but already demonstrate the complexity of this otherwise apparent simple reaction. A more detailed study through QCT calculations may be of help. Total reaction probabilities for selected values of J are shown in Fig. 4 . As J increases the reaction energy threshold shifts towards higher collision energy values due to the centrifugal barrier. The highest J calculated in this work, using the WP method, has been J = 110. In all cases, there are narrow peaks associated with resonances, indicating that, even for high J , the collision is dominated by long-lived resonances associated with the deep HON well. At resonances, the system is long time at short distances, where the Coriolis coupling is higher. This is why, the centrifugal sudden approach (CSA), in just one helicity component is introduced in the calculation, leads to bad results. The reason is that when considering all 's, the number of rotational sublevels increases and equivalently the number of resonances. These resonances are coupled through Coriolis couplings so they share their intensity and give rise to broader and less structured features in the reaction probability. In Fig. 4 , the CS results are compared with CC results with increasing the number of 's for the case of J = 20. The fast convergence with the increase of helicity functions indicates that the use of reactant Jacobi coordinates, as expected for the mass combination, 28 The use of product Jacobi coordinates would require the inclusion of a higher number of 's, making the calculation of state-to-state probabilities very difficult. Figure 5 shows the total reaction probability as a function of J (i.e., opacity function), calculated at four specific collision energies by means of the WP method and QCT approach. Both the WP and QCT results exhibit a very similar behavior in terms of J , specially at the higher energy considered of 0.5 eV. The main difference is the oscillations appearing in the WP calculations, due to resonances, which are not present in the QCT calculations. The QCT opacity is fairly constant as a function of J and drops suddenly at high J . Although the QCT method does not produce a perfect quantitative description of the WP reaction probability, it is expected that it is going to work very well to reproduce quantities after the partial wave sum. This indicates that the QCT approach is going to be rather satisfactory for describing this reaction. The nearly constant behavior of the QCT results are very similar to that expected from a statistical model. This indicates, again, that once the complex is formed, the reaction behaves statistically. In order to check this assumption, the two steps, formation of complex, and dissociation should be separated. The WP methods do not allow to perform such a calculation, since the WP spreads over all configuration space, and any separation would be rather artificial and with many problems. Another possibility would be the use of the statistical QCT method recently developed by Aoiz and co-workers. Figure 6 shows the WP and QCT ICSs as a function of collision energy (i.e., excitation functions) for the N + OH(v = 0, j = 0) → NO + H reaction. The two ICSs decrease as collision energy increases without showing energy threshold. This behavior, which is characteristic of barrierless exothermic reactions, is similar, among others, to the radical-radical OH + O reaction, as recently reported by some groups. 38, 39 The agreement between the WP and QCT excitation functions is quite good for the whole range of collision energies, except for low energies, below 0.05 eV, where the WP results are considerably larger than the QCT ones. The reason of the faster increase of the WP cross section is the resonances appearing near the threshold. Those resonances appear in both, the WP and TIQM calculations, showing a reasonably good quantitative agreement. However, since the WP methods have difficulties near the threshold, a denser grid in energy has been used and the reaction probability calculated for J = 0, 1, 2,..., 20, to avoid interpolation problems when using Eq. (3). After some checks, we conclude that for energies below 0.05 eV, the WP results are reliable, but the cross section can be slightly smaller, but higher than the QCT ones. It would be desirable at these low energies to perform TIQM calculations of the cross stection but in this reaction, because of the exothermicity and the deep wells, it is very hard. 14 At 0.1 the results are also compared with the available experimental cross sections. 18 The cross section decreases as a function of energy, for all the v considered, showing some small structures, associated with resonances, and a sort of plateau between 0.1 and 0.25 eV. At energy zero, up to v = 9 is open and at 0.5 eV the channel v = 12 is already open. These levels are formed with very low probability in the whole energy range considered just because they support fewer rotational level than the lower vibrational states. The cross sections obtained for 2 < v < 9 do not cross all showing the same decreasing behavior. In the case of the lower v = 0, 1, and 2, they present very similar cross sections, and they cross at some energies. This is more clearly shown in Fig. 8 at three selected collision energies, 0.05, 0.1, and 0.5 eV. At 0.05 eV the WP cross section shows a completely decreasing behavior, as one expects using pure statistical arguments. However, for 0. there is a maximum for v = 1, which seems to shift to v = 2 at 0.5 eV. This slight vibrational inversion is not statistical. At higher energies, resonances become broader, and directlike mechanisms can start competing with the statistical mechanism mentioned. This could explain this small vibrational inversion. Notice that the experimental results for 0.1 eV show a maximum at v = 3, and a structure similar to a plateau up to v = 3 or 4, followed by a fast decreased for higher v . This result is in good agreement with the WP results; the QCT cross sections, however, decrease with v , and at low energies when v = 0 and 1 become nearly equal. Thus, these features, discussed for low v , are described differently by the QCT and WP methods, but the overall behavior is rather good.
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B. Excitation functions and state-resolved integral cross sections
Average fraction of the total available energy in the product motion for rotation, < f r >, vibration, < f v >, and translation, < f t >, is shown in Fig. 9 as a function of collision energy. The quantum and classical 12 results are relatively similar in magnitude, but while QCT results present a monotonous behavior with energy. The WP results show structures, which are again associated with resonances. At high energies, The QCT and WP rotational and translational fractions present a different behavior: while WP f r decreases, QCT f r increases, and the f t presents the opposite behavior. At low energies, the agreement between QCT and WP is better, and all fractions are more similar. This may indicate that in this regime the dynamics is more statistical. At higher energies, however, the translational energy fraction is considerably larger than the others, probably indicating that the dynamics becomes more direct, without spending so much time in the well. The QCT results are lower than the WP f t , probably because the trajectories still keep trapped in the potential wells, overestimating the indirect statistical reaction mechanism.
C. Rate constant
The initial state-selected rate constant for the OH(v = 0, j = 0) rovibrational state has been calculated up to Also, the present WP results are higher than the QCT results of Ref. 13 and the adiabatic capture centrifugal sudden approximation method of Ref. 27 . This is due to the resonances appearing at the threshold, which makes that the total cross section increases more rapidly as the collision energy goes to zero, as explained above.
The comparison at T = 298 K, the WP rate constant (4. 17 36 However, the present WP rate constant, such as all the theoretical rate constants, is in disagreement with the other experimental results, even if the dependence on temperature is well reproduced by the WP result. The present WP rate constant is also in good agreement with the very recently published WP rate constant computed using a new PES. 15 Apart from deficiencies in the PES, dealing with open shell systems, the inclusion of other electronic states correlating to the OH( 2 ) + N( 4 S) asymptote could also yield to an increase of the rate constants. 
IV. CONCLUSIONS
In this study, the WP calculations using the MADWAVE3 code for the N + OH(v = 0, j = 0) → NO + H reaction have been performed for total angular momentum J ≥ 0, using an ab initio PES built by Guadagnini et al. 20 State-to-state ICSs have been obtained for the first time using an accurate quantum mechanical method. The WP results have been compared with QCT calculations. The total ICS has been computed and the calculated WP and QCT excitation functions decrease with increasing collision energy, as expected for an exothermic barrierless reaction. An overall good agreement between the WP and QCT reaction probabilities and ICSs (vibrational distribution) has been found. Initial (v = 0, j = 0) state-selected WP rate constant has been calculated using the corresponding excitation function. Again, the WP and QCT rate constants are in a fairly good agreement. However, a disagreement is still found between the theoretical rate constants (this work and other QCT and WP studies) and the experimental results. New experiments are therefore needed, especially below 300 K. 
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